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Fig.7. Endothelial surface coverage analysis by scanning electron microscopy.

A, Representative micrographs of the endothelial surface by scanning electron
microscopy one week after stent implantation. B, Endothelial coverage score one
week after stent implantation in bare meral stent (BMS), FITC-NP-eluting stent
(FITC-NP), pitavastatin-NP-eluting stent (Pitava-NP) stent, and sirolimus-eluting

stent (SES) groups (#=3 each).

by impaired re-endothelialization and persistence of
fibrin and inflammation are an important histopatho-
logical feature in arteries exposed to currently marketed
DESs in experimental animals®* 3 and in humans*®.
These delayed endothelial healing effects are presumed
to result from the effects of drugs coated on DESs (see
Introduction). Using human pathological data from
autopsy patients in whom death occurred >30 days
after drug-eluring stent placement, Finn e 2.9 dem-

onstrated that endothelialization of the stent was the
best predictor of late in-stent thrombosis. Heterogene-
ity of healing is a common finding in cases of late
drug-eluting stent thrombosis. In this study, we con-
firmed the delayed endothelial healing effects of siroli-
mus-eluting stents in porcine coronary arteries (Fig. 5,
6, and 7) reported by Virmani’s group”; however, we
found that pitavastatin-NP-eluting stents had no such
delayed endothelial healing effects in porcine coronary
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Exercise-Induced ST Elevation in Patients With
Non-Ischemic Dilated Cardiomyopathy and
Narrow QRS Complexes
— Novel Predictor of Long-Term Prognosis From Exercise Testing —

Hiroyuki Takahama, MD; Hiroshi Takaki, MD; Yusuke Sata, MD; Kazushi Sakane, MD;
Yasushi Ino, MD; Teruo Noguchi, MD; Yoichi Goto, MD; Masaru Sugimachi, MD

Background: The clinical significance and prevalence of exercise-induced ST elevation (ESTE) in non-ischemic
dilated cardiomyopathy (NIDCM) patients are unknown.

Methods and Results: We retrospectively examined 12-lead ECGs during cardiopulmonary exercise testing in 360
consecutive NIDCM patients (left ventricular ejection fraction (LVEF) <45%) with narrow QRS. ESTE was defined
as 21.0mm ST (J-point) elevation compared with baseline. During long-term follow-up for major cardiac events
(death, transplantation, or LV assist device implantation), ESTE was recognized in 50 patients (14%). They had
much lower LVEF than patients without ESTE (20+7% vs. 27+7%, respectively, P<0.001), whereas the differences
in peak VO:z (P=0.01) and VE/N/CO: slope (P=0.04) were relatively small. Major cardiac events occurred more fre-
quently in patients with ESTE than in those without ESTE (39% vs. 12% at 48 months). Increased event rates were
associated with low peak VOz (<14ml-min-1-kg-') in patients without ESTE (39% vs. 23%, P<0.05), but not in those
with ESTE (50% vs. 62%, NS). Cox multivariate analysis revealed ESTE as the strongest independent prognostica-
tor among exercise parameters (hazard ratio: 2.41 [95% confidence interval 1.03-5.63], P<0.05).

Conclusions: A substantial number of NIDCM patients exhibit ESTE, which indicates a poor prognosis. Low peak
VOz and ESTE may reflect different aspects of the pathophysiological processes that deteriorate heart failure.
(Circ J 2013; 77: 1033—-1039)
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ORIGINAL ARTICLE

Myocardial Disease

to a spectrum of heterogeneous myocardial disorders
that are characterized by diffuse left ventricular (LV)
dysfunction causing heart failure (HF) in the absence of coro-
nary artery lesions, although the responsible mechanisms have
not been completely clarified.'* Despite remarkable recent ad-
vances in the treatment for HF, the prognosis remains poor for
patients with NIDCM, as well as those with ischemic DCM.
Furthermore, in countries such as Japan where coronary artery
disease is less prevalent than in Western countries, the vast
majority of middle-aged or young adult patients with advanced
HF who are candidates for heart transplantation suffer from
NIDCM.** Therefore, there is a pressing need to accurately
identify the patients with NIDCM who are at high risk.
Exercise testing is an important clinical tool for this purpose,
especially when coupled with respiratory gas exchange analy-

N on-ischemic dilated cardiomyopathy (NIDCM) refers

sis (cardiopulmonary exercise testing: CPET). Although CPET
provides established prognostic markers, such as peak oxygen
uptake (VO2) and the regression slope relating minute ventila-
tion to carbon dioxide output (VE/VCO: slope),5 gas analysis
is not performed in many hospitals. The standard 12-lead ECG,
which is routinely recorded during exercise testing regardless,
with or without gas analysis, is utilized almost exclusively for
monitoring cardiac rhythm and myocardial ischemia; however,
additional information for evaluating HF patients may be ob-
tained from ECG. One such parameter would be exercise-in-
duced ST-segment elevation (ESTE). ESTE is observed most
commonly in the Q-wave leads in patients with prior myocar-
dial infarction (MI), which is classically considered as represent-
ing severe wall motion abnormalities of the LV.%!3 Because
our previous study examining patients with arrhythmogenic
right ventricular cardiomyopathy'* indicated that ESTE was
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Tahle 1. Clinical Characteristics of Patients With Non-ischemic
Dilated Cardiomyopathy and Narrow QRS Complexes

n 360
Age (years) 48x15
Sex (M/F) 289/71
NYHA 2.1x0.7
LVEF (%) 2648
LvDd (mm) 6519
LVDs (mm) 54+11
Exercise time (s) 468+138
Peak work rate (W) 116+38
Peak SBP (mmHg) 156+37
Peak VOz (ml-min-1-kg-1) 20.4+5.2
VEN/CO: slope 307
Peak RER 1.26+0.13

Values are mean = SD.

LVEF, left ventricular ejection fraction; LVDd, left ventricular end-
diastolic dimension; LVDs, left ventricular end-systolic dimension;
NYHA, New York Heart Association; Peak SBP, peak systolic
blood pressure; RER, repiratory exchange ratio; VE/VCO: slope,
regression slope relating minute ventilation to carbon dioxide
output; VO2, oxygen uptake.

found to be closely associated with severe wall motion abnor-
malities of the right ventricle, and because heterogeneity in
regional LV function in NIDCM patients has been noted by
several studies,'s"'” we hypothesized that some NIDCM patients
would show ESTE even in the non-Q-wave leads in associa-
tion with severe LV wall motion abnormalities caused by non-
ischemic myocardial damage.

On the basis of these considerations, we retrospectively
reviewed 12-lead ECG recordings obtained during CPET in
NIDCM patients with narrow QRS complexes that were suit-
able for ST-segment analysis. The purpose of the study was to
determine whether ESTE might occur in these NIDCM pa-
tients, and, if so, to evaluate its clinical and prognostic sig-
nificance.

Methods

Study Population

We studied 426 consecutive patients with NIDCM who under-
went symptom-limited CPET between December 1996 and
December 2005. The inclusion criteria were the presence of
New York Heart Association (NYHA) class I-II1, a reduction
in LV ejection fraction (LVEF) below 45% evaluated by LV
angiography, no previous history of coronary artery disease,
and angiographic evidence of normal coronary arteries. All
patients were optimally treated from a pharmacological stand-
point at the time of exercise testing. The final diagnosis of
NIDCM was based on the definition of the World Health Or-
ganization/International Society and Federation of Cardiology
Task Force;* 57 patients with wide QRS complexes (=120 ms)
on resting ECG (complete left bundle-branch block in 40, com-
plete right branch block in 6 and ventricular pacing rhythm in
11), 4 patients who developed ventricular tachyarrhythmia
during or immediately after CPET, 3 patients who died of non-
cardiac causes and 2 patients who could not be followed up
after discharge were excluded from the present study.

CPET Procedure and Data Acquisition
Symptom-limited CPET was performed on an upright bicycle

ergometer in a ramp fashion, as described previously.'**! We
used a regularly calibrated, electronically braked cycle ergom-
eter (Rehcor, Lode, Groningen, The Netherlands). After a rest-
ing period of at least 2min, exercise was begun with a 1-min
warm up at 0 Watt, followed by 10-20 W incremental loading
every minute. Respiratory gas analysis was performed with a
respiromonitor AE-280 SRC (Minato Products, Tokyo, Japan).
V02, CO: production, and minute ventilation data were stored
in a computer hard disk every 6s for off-line analysis. Through-
out the testing, we continuously monitored 12-lead ECG (V>,
Vs, and aVr) and heart rate, while recording hardcopies (paper
speed 25mm/s) every 1 or 2min (Stress System ML-6500,
Fukuda Denshi, Tokyo, Japan), which were used for the eval-
uation of ESTE. Significant ESTE was defined as =1.0mm
(0.1mV) ST-segment elevation compared with the resting level
measured at the J-point in at least 2 leads (except aVr) and on
at least 3 consecutive beats, at peak exercise or in the early
recovery period up to 1 min. Using a cuff sphygmomanometer,
arterial systolic and diastolic blood pressures were measured
every minute during exercise, at peak exercise (peak systolic
blood pressure, peak SBP), and every 1-2 min during recovery.

Peak VO2 was determined as the higher value of either the
greatest VO during exercise (smoothed after a 5-point mov-
ing average) or the average VO in the last 3 points (185s) be-
fore termination of exercise. The slope of linear regression
relating minute ventilation to CO2 output (ie, the VE/VCO2
slope) between the beginning of the exercise and the respira-
tory compensation point was used as an index of the ventila-
tory response to exercise.

Follow-up Events and Prognosis

Patients were followed up for major cardiac events and hospi-
talization for HF after CPET from medical chart reviews and
through telephone interviews. Major cardiac events were de-
fined as a composite of cardiac death, heart transplantation or
implantation of a LV assist system (LVAS).

Statistical Analysis
All data are presented as mean+standard deviation (SD). Stu-
dent’s t-test or Mann-Whitney U-rank test was used for com-
parison of continuous variables to determine the significance
of differences between groups. Univariate and multivariate
survival analyses were performed with the Cox proportional
hazards model. For the multivariate model, we included clini-
cal variables (age, sex and LVEF) and exercise test parameters
including peak VOz, peak work rate, peak SBP, and VE/VCO:z
slope. For analysis of major cardiac events and hospitalization
for HF, Kaplan-Meier estimation using a log-rank test was used.
Values with P<0.05 were considered statistically significant.
All statistical analyses were made using JMP software for
Windows version 8.0.2 (SAS Inc, Cary, NC, USA).

This study was approved by the institutional review board,
and was conducted in accordance with the ethical principles
of the Declaration of Helsinki.

Results

Characteristics of the Patients

We enrolled 360 patients with NIDCM (289 men, 71 women)
in the study. Their baseline characteristics are shown in Table 1.
The mean age was 48+15 years, and 19% were in NYHA func-
tional class I, 57% in class Il and 24% in class III. LV angiog-
raphy showed a mean LVEF of 26+8%. Echocardiographic
examination of the LV dimensions showed a mean end-dia-
stolic dimension of 659 mm and end-systolic dimension of
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Figure 1. Representative ECG tracings showing exercise-induced ST elevation (ESTE). (A) 12-lead ECGs at rest and precordial
lead ECGs at peak exercise (Peak-Ex), and at 2min (Early-recovery) and 6min (Late-recovery) after exercise. Note the ST eleva-
tion of 1.0-1.5mm in Va and Vs at peak exercise and Early-recovery, which returned to the resting level in Late-recovery. (B) En-
larged ECG tracings from V4 showing maximum ESTE.

54411 mm. As for exercise test parameters, peak work rate, Clinical Profiles and Outcomes of Patients With and

peak VO2 and VE/VCO: slope were 11638 W, 20.445.2ml- Without ESTE

min-!-kg-!, and 3027, respectively (Table 1). As for medica- Among the 360 patients, significant ESTE was found in 50
tions, 234 (65%) and 316 patients (88%) were taking f-blocking (13.9%), none of whom had complained of anginal symptoms
agents and angiotensin-converting enzyme inhibitors or angio- - during or after exercise. It was recognized in the precordial
tensin-receptor blockers, respectively. leads (Vi-s), except in 1 patient (aVr). None of the 360 tested

patients developed bundle-branch block (QRS width 2120 ms)
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Figure 2. Maximum exercise-induced ST elevation (ESTE)
was most frequently found in precordial lead Va (24/50, 48%),
followed by Va (17/50, 34%).

during exercise. Representative 12-lead ECG tracings with
ESTE are shown in Figure 1. The mean magnitude of the
maximum ESTE in the 50 patients was 1.50.4mm (range
1.0-3.0mm). In these patients, the maximum ST elevation ap-
peared in lead Vi (24/50, 48%) or V3 (17/50, 34%), as shown
in Figure 2. Clinical profiles and exercise test parameters are
summarized in Table 2. Between the patients with and with-
out ESTE, age and sex did not differ significantly. LVEF was
significantly and markedly lower in patients with than in those
without ESTE (20+£7% vs. 27£7%, P<0.001). Patients with
ESTE showed significantly lower peak work rate, peak SBP,
and peak VO:2 than those without ESTE; however, the differ-
ence in VE/VCO: slope between the 2 groups was statistically
marginal (P=0.04), and that in peak VO2 (P=0.01) was less
pronounced compared with that in LVEF or echocardio-
graphic dimensions (P<0.001 for all comparisons). The use of
B-blocking agents was not significantly different between pa-
tients with and without ESTE (74% and 64%, respectively,
P=0.15).

During the follow-up period of 5224 months, major car-
diac events (cardiac death, heart transplantation, and LVAS

implantation) occurred in 106 patients and 123 patients were
hospitalized for HF. In the group without ESTE, 89 patients
(29%) were hospitalized for HF and major cardiac events oc-
curred in 76 patients (25%). In contrast, among patients with
ESTE, 34 patients (68%) were admitted to the hospital for HF
and major cardiac events occurred in over half of the patients
(30/50, 60%). Kaplan-Meier survival curves were distinctly
different from each other (Figures 3A,B). Event-free survival
rates for major cardiac events at 48 months in patients with
and without ESTE were 61% and 88%, respectively.

Multivariate Analysis

Table 3 shows the results of Cox proportional hazard analy-
ses. Univariate analysis revealed that NYHA, LVEF, peak SBP,
peak VOq, peak work rate, VE/VCO: slope and ESTE were
significantly related to major cardiac events. By multivariate
analysis, ESTE was the only independent predictor of outcomes
among the exercise test parameters.

Improved Predictahility of Major Cardiac Events by the
Combined Use of Peak V02 and ESTE

Predictability of major cardiac events by using ESTE and peak
V02 is shown in Table 4. In the patient group without ESTE,
major cardiac events occurred more frequently in patients with
alow peak VO2 (<14 ml-min-! - kg-!) than in those with a pre-
served peak VO: (214 ml-min-!-kg!, 39% vs. 23%, P<0.05).
In contrast, in the patient group with ESTE, the event rates
were similarly high irrespective of the level of peak VO2. The
presence of ESTE predicted major cardiac events with a sen-
sitivity of 28% and a specificity of 92%, whereas low peak
VO: did with a sensitivity of 16% and specificity of 91%. In
addition, because only 8 patients fulfilled both criteria (low
peak VO: and ESTE), the combined use of the criteria sub-
stantially increased the sensitivity to 39% with minimal com-
promise of specificity (84%).

Discussion

The major findings of this study are: (1) ESTE was found in
a substantial proportion of patients with NIDCM (13.9%,
n=50/360) who did not have any coronary artery lesions or

Table 2. Clinical and Exercise Test Variables of NIDCM Patients With and Without ESTE
ESTE (-) ESTE (+) P value

n 310 50

Age (years) 49+15 43+15 0.355
Sex (M/F) 251/59 38/12 0.413
BMI 22.5+3.8 21.5+3.9 0.073
NYHA 2.0+0.7 2.4+0.7 0.002
LVEF (%) 2747 20+7 <0.001
LVDd (mm) 64+9 72+10 =0.001
LVDs (mm) 53+9 64+11 =0.001
Exercise time (s) 475+139 426+119 0.022
Peak work rate (W) 118+38 103+32 0.010
Peak SBP (mmHg) 159+36 135£34 <0.001
Peak VOz (ml-min-'-kg-) 20.7£5.2 18.6+4.7 0.009
VE/N/CO: slope 3047 3218 0.035
Peak RER 1.25+0.12 1.26+0.11 0.904

Values were expressed as the mean+SD. *P<0.05 vs. group without ESTE.
BMI, body mass index; ESTE, exercise-induced ST-segment elevation; NIDCM, non-ischemic dilated cardiomyopathy.

Other abbreviations as in Table 1.
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A Kaplan-Meier survival estimated for major cardiac events.
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Table 3. Uni/Multivariate Analyses for Cardiac Events in Patients With NIDCM
Univariate analysis Multivariate analysis
HR (95% ClI) P value HR (95% Cl) P value

Age 0.99 (0.98-1.00) 0.052 1.01 (0.98-1.04) 0.433
Sex 0.73 (0.47-1.16) 0.173 1.20 (0.47-3.72) 0.721
NYHA 2.73 (1.73-4.46) <0.001 2.38 (1.39-4.20) 0.002
LVEF 0.94 (0.92-0.97) <0.001 1.00 (0.95-1.05) 0.990
Peak SBP 0.98 (0.98-0.99) <0.001 0.99 (0.97-1.01) 0.190
Peak work rate 0.99 (0.98-0.99) <0.001 1.01 (0.99-1.03) 0.337
Peak VO:z 0.94 (0.91-0.98) 0.001 0.94 (0.82-1.08) 0.397
VE/NCO: slope 1.04 (1.02-1.06) <0.001 0.99 (0.96-1.06) 0.713
ESTE 3.37 (2.15-5.06) <0.001 2.41 (1.03-5.63) 0.042

Cl, confidence interval; HR, hazard ratio. Other abbreviations as in Tables 1,2.

evidence of myocardial ischemia; (2) patients with ESTE were
characterized by more depressed LVEF than those without
ESTE, whereas the differences in the exercise parameters (ie,
peak VO2 and VE/VCO: slope) between patients with and
without ESTE were relatively small; (3) multivariate Cox re-
gression analysis revealed that ESTE was the only indepen-
dent predictor of major cardiac events among the exercise

Circulation Journal

parameters; and (4) combining peak VO2 and ESTE substan-
tially enhanced the predictability of major cardiac events com-
pared with either alone. This is the first report demonstrating
that NIDCM patients without any evidence of myocardial
ischemia exhibit ESTE, which provides important clinical
information.
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Tahle 4. Prediction of Major Cardiac Events by ESTE and
Peak VO:

Major cardiac event rate
ESTE ()
Peak VOz 214ml-min-'-kg~'
Peak VO2 <14 ml-min-'-kg-'
ESTE (+)
Peak VOz 214 ml-min-' - kg-!

63/277 (23%)
13/33 (39%)

26/42 (62%)

Peak VOz <14ml-min-'- kg~ 4/8 (50%)

Abbreviations as in Tables 1,2.

Clinical and Prognostic Significance of ESTE in NIDCM
Patients

The occurrence of ESTE was associated with more impaired
functional status (NYHA and peak VO:) and more severely
depressed LV function (LVEF), which provides prognostic
information. During the follow-up period, major cardiac events
(cardiac death, heart transplantation, or LVAS implantation)
occurred in approximately half (30/50, 60%) of these patients,
while only 25% of the patients without ESTE experienced
cardiac events (76/310). Hospitalization for HF also occurred
much more frequently in patients with ESTE (34/50, 68%) than
in those without ESTE (89/310, 29%). Kaplan-Meier survival
analysis revealed that the event-free survival rate for major
cardiac events at 48 months was 61% and 88% in patients with
and without ESTE, respectively. Multivariate Cox regression
analysis showed that ESTE was independently related to out-
comes after adjustment for other variables. Thus, ESTE seen
in NIDCM patients has important clinical and prognostic sig-
nificance.

Possible Mechanism Responsible for ESTE

The underlying mechanism(s) for the occurrence of ESTE in
our NIDCM patients is unclear. Nevertheless, the hypothesis
that regional LV wall motion abnormalities potentially exag-
gerated by exercise may contribute to the genesis of this ab-
normal ECG finding can be inferred from the following con-
siderations and observations.

ESTE was most commonly observed in patients with a pre-
vious MI.%"* It appeared in abnormal Q-wave leads in approxi-
mately 30% of patients with anterior MI and 15% of those
with inferior MI tested early after the index ML "> Although
several studies suggest that ESTE represents residual demand
ischemia in viable myocardium within the infarct area,”?* the
presence of abnormal LV wall motion and/or LV aneurysm is
probably the underlying mechanism in most cases. Exercise
stress would exaggerate regional LV wall motion abnormali-
ties, thereby causing new or further ST elevation similar to
that observed in post-infarct patients with persistent rest ST-
elevation and aneurysm.> On the other hand, NIDCM is
generally presumed to diffusely involve the myocardium with
resultant LV dilation and global hypokinesis. However, het-
erogeneity in regional L'V function in NIDCM has long been
recognized by several studies using echocardiography and other
techniques, suggesting that LV wall motion is not always dif-
fusely hypokinetic and that regional differences in the degree
of hypokinesis are frequently present.'*'7 Thus, even in the
absence of previous MI, some of NIDCM patients (especially
those with markedly severe LV dysfunction) may have regional
LV wall motion abnormalities as the possible cause of ESTE.
Even though regional wall motion abnormalities would be
hardly discernible at rest, exercise stress would amplify them,

thereby causing ESTE. This hypothesis is still speculative,
however, the results of our previous study examining patients
with arrthythmogenic right ventricular cardiomyopathy with-
out overt LV involvement and with normal coronary arteries
supports it. In that study, 11 of 17 patients exhibited ESTE
(=1.0mm) at the J-point, which appeared most frequently in
the right-sided precordial leads (reflecting the area of mark-
edly dilated right ventricle, Vi-3 in 9 patients) and was closely
associated with severe right ventricular asynergy. The find-
ing reported by Kobayashi et al** that ESTE was recognized
in lead V1 after right ventricular infarction, is in line with our
observations.

Taken together, it is conceivable that regional wall motion
abnormalities of either the left or right ventricle resulting from
primary myocardial damage (ie, non-ischemic) would cause ST
elevation during exercise in leads corresponding to the wall
motion abnormalities. We most frequently found ESTE in leads
V4 and V3, reflecting the anterior wall area, which is compat-
ible with the aforementioned studies indicating that severe re-
gional LV hypokinesis is more likely to be found in the ante-
rior or anteroseptal wall than in the posterior or lateral area.'®**
Future studies are necessary to confirm this hypothesis.

ESTE and Peak VO for Predicting Adverse Events

Recent advances in therapies for HF are remarkable,? but the
prognosis of patients with HF, including NIDCM patients,
remains poor. Identification of new measures associated with
adverse events would allow better risk stratification and poten-
tially provide opportunities for intensive treatment. In this con-
text, the present study suggests that a simple ECG marker (ie,
ESTE) can serve as a marker of poor prognosis in NIDCM
patients with narrow QRS complexes on ECG. This should be
of value, especially for hospitals where CPET equipment is
not available.

Despite severe LV dysfunction (LVEF, 26+8%), our NIDCM
patients had preserved peak VO: (20.4+5.2ml-min-!-kg)
compared with that reported by others.?® This is most readily
explained by their non-ischemic etiology: (1) they were rela-
tively young (48+15 years old) and (2) they were mostly thin
(body mass index, 22.41+3.8), leading to overestimation of peak
VO2 relative to body weight. The peak VO:2 value was almost
identical to that reported by Okita et al who examined
Japanese HF patients with mostly non-ischemic cardiomyopa-
thy.* Maximal effort evidenced by high peak RER (1.26+0.13)
may also contribute to the result.

Although patients with ESTE had greater LV dysfunction
(P<0.001) and worse prognosis than those without ESTE, the
differences in peak work rate (P=0.01), peak VO (P=0.01),
and VE/VCO: slope (P=0.04) were small. The exact reason
remains unclear; however, ESTE will not appear until a sig-
nificant increase in L'V wall stress develops under a certain
level of exercise intensity is achieved. Although ESTE was the
strongest independent predictor of major cardiac events among
the exercise parameters, the predictability was not high enough
(sensitivity 28%, specificity 92%). Meanwhile, among the 50
patients with ESTE, a considerable number (n=26) of them
with preserved peak VO: (=14 ml-min-'-kg!) experienced
major cardiac events (Table 4). This finding was advantageous
for more accurately predicting cardiac events; the combination
of ESTE and low peak VO2 (<14 ml-min-! - kg-!) substantially
increased the sensitivity to 39% with minimal loss of specific-
ity (84%). Of note, among the patients who experienced major
cardiac events (n=106), only 4 exhibited both a low peak VO
and ESTE. Furthermore, increased major cardiac event rates
were associated with low peak VO2 in patient without ESTE
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(39% vs. 23%, P<0.05), but not in those with ESTE (50%, vs.
62%, NS). These observations suggest the intriguing notion
that the measures of peak VO2 and ESTE may reflect different
aspects of the pathophysiological processes leading to cardiac
death.

Study Limitations
We acknowledge several important limitations to the present
study. The cohort was a selected population of patients with
varying severity of HF, including many patients with mild HF
symptoms, referred to a single cardiovascular center.
Because the sensitivity of the presence of ESTE was not
high enough, careful interpretation and recognition of the
limitation of this finding are necessary for its application in the
clinical setting. One possible reason for the low sensitivity is
as follows. The peak VO2 (peak VO2: 20.4+5.2ml-min-! - kg!)
was relatively higher compared with earlier studies.?® Although
the overall mean LVEF was very low, our population might
have included a considerable number of patients who had re-
sponded well to medical treatment. We also can not exclude
the possibility that a broad range of HF severity would influ-
ence the sensitivity in the present study. Furthermore, this was
a study looking purely at an exercise variable and did not in-
clude a detailed evaluation of regional LV wall motion by
echocardiography or other imaging techniques, such as myo-
cardial perfusion scintigraphy, during exercise. Future studies
are necessary to elucidate the exact mechanism responsible for
ESTE in NIDCM patients.

Conclusions

We, for the first time to our knowledge, demonstrated that
ESTE occurs in a substantial number of NIDCM patients with
narrow QRS complexes and that it represents more severe
patient status and poorer prognosis. This simple ECG measure
should not be overlooked and could serve as a useful param-
eter for assessing NIDCM patients, particularly in hospitals
without the facilities for collecting and analyzing respiratory
gases during exercise.
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Abstract

Aim: To examine whether dynamic characteristics of the peripheral vagal
control of heart rate (HR) are altered in chronic heart failure (CHF).
Methods: The right vagal nerve was electrically stimulated according to a
binary white noise signal, and the transfer function from vagal nerve stim-
ulation (VNS) to HR was estimated in the frequency range from 0.01 to
1 Hz in five control rats and five CHF rats under anaesthetized conditions.
The rate of VNS was changed among 10, 20 and 40 Hz.

Results: A multiple linear regression analysis indicated that the increase in
the VNS rate augmented the ratio of the high-frequency (HF) gain to the
steady-state gain in the control group but not in the CHF group. As a
result, the dynamic gain of the transfer function in the frequencies near
1 Hz decreased more in the CHF group than in the control group.
Conclusion: Changes in the dynamic characteristics of the peripheral
vagal control of HR may contribute to the manifestation of decreased HF
components of HR variability observed in CHF.

Keywords transfer function, vagal nerve stimulation, white noise analysis.

Heart rate {(HR) is mainly governed by the auto-
nomic nervous system. The dynamic HR response to
autonomic nervous activity is important for moment-
to-moment adjustments of cardiac function during
daily activity. High-frequency (HF) components of
HR variability (HRV) are considered to be an index
of vagal nerve activity, because the dynamic HR
response to vagal nerve activity is faster than that
to sympathetic nerve activity (Akselrod et al. 1981,
Berger et al. 1989, Kawada et al. 1996, Mizuno et al.
2010). The HF components of HRV are known to be
decreased in diseased conditions such as chronic heart
failure (CHF; Task Force of the European Society of
Cardiology 1996, Olshansky et al. 2008). The inter-
pretation of the HF components can depend on the
input-output transduction property from vagal nerve
activity to HR. For instance, the decreased HF compo-
nents may indicate diminished vagal outflow from the
central nervous system if the transduction property is
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not changed between normal and CHF conditions. On
the other hand, there is also a possibility that the
decreased HF components are merely the result of
impaired transduction property from vagal nerve
activity to HR in the HF range. To better understand
the significance of the decreased HF components of
HRV observed in CHF, quantification of the transduc-
tion property becomes essential.

The input-output transduction property of a biolog-
ical system usually reveals dynamic characteristics
(Sagawa 1983). That is to say, the amplitude and the
phase lag of the system response vary depending on
the frequency of the input modulation. In the case of
the vagal control of HR, the transduction property
has low-pass characteristics (Berger et al. 1989, Kaw-
ada et al. 1996, Mizuno et al. 2010). The amplitude
of the HR response is large when the frequency of
vagal modulation is low, and the amplitude of the HR
response becomes smaller as the frequency of vagal

© 2012 The Authors
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time; and R (no units) is the ratio of the HF gain to
the stcady-state gain. As the frequency increases
beyond the corner frequency toward infinity, the
dynamic gain of H(f) asymptotically approaches KR.
When R equals zero, H(f) reduces to a simple first-
order low-pass filter with pure dead time used in the
previous studies. Hereafter in this study, R is referred
to as ‘relative HF gain’,

Statistical analysis

All data are presented as mean = SE. Differences in
transfer function parameters were analysed by a multi-
ple linear regression as follows (Glantz & Slinker
2001):

P = C+ Byns X Dyns + Benr X Denr + Binteraction X
Dvyns % Depr
4 Byt X Dyt + -+ -+ Baa X Dyyua
+Bpi X Dpy + -+ Bua X Dy

where p represents each parameter value; C is a
constant term or an intercept of the multiple linear
regression; Byns is a coefficient for the VNS effect;
Dyns is a dummy variable encoding the VNS rate
(Dyns =0 for 10 Hz, Dyns =1 for 20 Hz, and
Dyng = 2 for 40 Hz); Beyr is a coefficient for the
CHF effect; Deyr is a dummy variable encoding the
CHF animals (Dcyp = 0 for the control rats, and
Denr = 1 for the CHF rats); Bieeraction 1S a coefficient
for the interaction effect between Dyns and Dergs
D,,1 through D, are dummy variables encoding five
different animals in the control group; D,; through
D, are dummy variables encoding five different ani-
mals in the CHF group (see Table 1); and B,
through B,,4 and B,; through B, are coefficients for
inter-individual variations. Note that C is an estimate
of the parameter value corresponding to the transfer
function obtained by 10-Hz VNS (Dvygs = 0) in the
control group (Degr = 0). Byvns, Berip, and Brneeraction
were tested as to whether they were significantly dif-
ferent from zero, with a significance level set at
P < 0.05 (Glantz & Slinker 2001).

Results

Figure 1 represents typical results obtained from a
control rat, Dynamic HR responses to the binary
white noise inputs using 10, 20 and 40-Hz VNS are
shown in Figure 1a. After the onset of VNS, HR
decreased intermittently in respomse to the binary
VNS. As the VNS rate increased, the magnitude of
dynamic HR response increased. The group-averaged
decreases in mean HR relative to the pre-stimulation
HR were 54+4, 84+ 14 and 137 = 17 bpm

Acta Physiol 2013, 207, 494-502

Table 1 Dummy variables encoding experimental animals

D'ml Dy Duws Dms D Dnl Dn.? Drﬂ'

Control 1 0 0 0 0 0 0 0
no. 1

Control 0 1 0 0 0 0 0 0
no. 2

Control 0 0 1 0 0 0 0 0

no. 3
Control 4] 0 0 1 0 0 (4] 0

no. 4

Control -1 -1 -1 -1 0 0 0 0
no. §

CHF 0 0 0 0 1 0 0 0
no. 1

CHF 0 0 0 0 0 1 0 0
no. 2

CHF 0 0 0 0 0 0 1 0
no. 3

CHF 0 0 0 0 0 0 0 2
no. 4

CHF 0 0 0 0 -1 -1 -1 1
no. §

To encode five different animals, four dummy variables are
needed in each group. The encoding does not cross the
boundary between the control and chronic heart failure
(CHF) groups. Effects coding was used to model the inter-
individual differences (Glantz & Slinker 2001).

(13 £ 1, 19 £+ 3, and 32 % 3%) during 10, 20 and
40-Hz VNS respectively. Transfer functions from VINS
to HR are depicted in Figure 1b. The solid lines are
the calculated transfer functions, and the grey smooth
lines are the corresponding model transfer functions.
The dynamic gain became smaller as the frequency
increased during 10-Hz VNS, indicating low-pass
characteristics of the system. The dynamic gain, how-
ever, did not fall off smoothly during 20-Hz VNS,
and the gain plot exhibited a plateau in the frequen-
cies above 0.3 Hz. The gain plot became much flatter
during 40-Hz VNS. The phase approached —x radians
at the lowest frequency, reflecting the negative HR
response to VINS. The coherence was close to unity in
the frequencies below 0.1 Hz and decreased slightly in
the frequencies above 0.1 Hz.

Figure 2 shows typical results obtained from a CHF
rat. The magnitudes of dynamic HR responses to bin-
ary VNS were smaller than those in the control rat
(Figs 2a vs. 1a). The rapid restorations of HR to base-
line HR were not observed during 20- and 40-Hz
VNS in the CHF rat. The group-averaged decreases in
mean HR relative to the pre-stimulation HR were
46 8,71 £ 12 and 157 £ 24 bpm (12 £ 2,18 £ 3
and 38 + 6%) during 10, 20 and 40-Hz VNS respec-
tively. The transfer function from VNS to HR

© 2012 The Authors
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Figure | (a) Typical experimental data showing the binary white noise input using vagal nerve stimulation (VINS) and corre-
sponding heart rate (HR) response in a control rat. The VNS rate was changed among 10, 20 and 40 Hz. (b) Transfer functions
from VNS to HR corresponding to the time series data, The thin black lines indicate the estimated transfer functions. The bold
grey lines indicate the fitting results of the model transfer functions.

revealed low-pass characteristics in the CHF rat
(Fig. 2b). In contrast to the normal rat, the increase in
the VNS rate did not manifest a plateau of the
dynamic gain in the higher frequency range. The
phase approached —= radians at the lowest frequency
and delayed smoothly as the frequency increased. The
coherence was close to unity during 10-Hz VNS,
There were decreases in coherence in the frequencies
above 0.4 Hz during 20-Hz VNS, The coherence
became lower during 40-Hz VNS compared to that
during 20-Hz VNS,

Figure 3 depicts group-averaged transfer functions.
The shape of the transfer function during 10-Hz VNS
was similar between the control and CHF groups,
except for a nearly parallel downward shift in the gain
plot in the CHF group. The shape of the transfer func-
tion during 20-Hz VNS differed between the control
and CHF groups in that there was a plateau in the
gain plot above 0.5 Hz in the control group. The
plateau in the gain plot became more overt and

© 2012 The Authors o .
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occurred above 0.3 Hz during 40-Hz VNS in the con-
trol group. The relative HF gain in the model transfer
function is frequency independent, which means that
the increase in the relative HF gain reduces the phase
delay (Fig. 4b, middle). As can be seen in Figure 3,
the magnitudes of phase delay from —= radians in the
higher frequency range were smaller in the control
group compared to the CHF group during 20 and 40-
Hz VNS. The results of the multiple linear regression
analysis on the transfer function parameters are sum-
marized in Table 2.

Discussion

Although HF components of HRV are known to be
decreased in CHF (Task Force of the European Soci-
ety of Cardiology 1996, Olshansky et al. 2008), the
present study is the first to demonstrate changes in the
dynamic characteristics of the peripheral vagal control
of HR in CHF.
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Figure 2 (a) Typical experimental data showing the binary white noise input using vagal nerve stimulation (VNS) and
corresponding heart rate (HR) response in a rat with chronic heart failure. The VNS rate was changed among 10, 20 and

40 Hz. (b) Transfer functions from VNS to HR corresponding to the time series data. The thin black lines indicate the estimated
transfer functions. The bold grey lines indicate the fitting results of the model transfer functions.

Effects of CHF and VNS rate on the steady-state gain

The steady-state gain, K, determines vertical location
of the transduction property in the gain plot (Fig. 4a,
top) without influencing the phase plot (Fig. 4a, mid-
dle). An increase in the steady-state gain is associated
with an augmented step response of HR (Fig. 4a, bot-
tom). The effect of CHF (Bcyp) on the steady-state
gain was significantly negative (Table 2), suggesting
overall depression of the peripheral vagal control of
HR in the CHF group compared to the control group.
Several factors are considered to attenuate the HR
response to VNS as follows. Bibevski & Dunlap
(1999} have suggested that parasympathetic ganglionic
transmission is attenuated in heart failure. Angioten-
sin II, which is known to be increased in CHF condi-
tions (Riegger 1985), attenuates myocardial interstitial
acetylcholine release in response to VNS (Kawada
et al. 2007) and reduces the dynamic gain of the
transfer function from VNS to HR (Kawada er al.
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2009). Du er al. (1998) demonstrated that blockade
of angiotensin Il type 1 receptors by losartan-
enhanced bradycardia induced by VNS in rats with
chronic myocardial infarction. Besides the effect of
CHF, the effect of VNS rate (Byns) on the steady-
state gain was also significantly negative, suggesting
that the HR response became saturated and did not
increase in proportion to the increased VINS rate. The
decrease in the steady-state gain at higher VNS rates
is consistent with the study by Berger et al. (1989)
where the canine atrial response was examined.
Interactions exist between the sympathetic and para-
sympathetic nervous systems in regulating HR. In a pre-
synaptic mechanism, noradrenaline released from the
sympathetic nerve endings inhibits acetylcholine release
from the vagal nerve endings through oj-adrenergic
receptors (Wetzel et al. 1985). In a postsynaptic mecha-
nism, accumulation of cyclic AMP in the sinus nodal
cells by p-adrenergic stimulation augments the dynamic
vagal control of HR (Nakahara et al. 1998). Levy

© 2012 The Authors
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Figure 3 Group-averaged transfer funcrions from vagal nerve stimulation (VNS) to heart rate obtained from the control group
{black lines) and the chronic heart failure (CHF) group (grey lines). The thick and thin lines indicate mecan and mean £ SE

respectively.

(1971) termed the phenomenon that the vagal control
of HR is augmented by concomitant sympathetic acti-
vation as accentuated antagonism. In a present study,
changes in efferent sympathetic nerve activity were min-
imized within individual animals by disabling the ba-
roreflexes. However, it is plausible that the CHF group
had higher basal sympathetic tone than the control
group (Riegger 1985). While the accentuated antago-
nism does not conform to the attenuation of the steady-
state gain, the presynaptic inhibition might have con-
tributed to the attenuation of the steady-state gain in
the CHF group.

Effects of CHF and VNS rate on the relative HF gain

The relative HF gain, R, modifies the transduction
property of dynamic gain in the higher frequencies
(Fig. 4b, top). An increase in the relative HF gain
reduces the phase delay (Fig. 4b, middle) and
enhances the initial drop seen in the step response of
HR (Fig. 4b, bottom}. A new finding of the present
study is the augmentation in the relative HF gain with
increasing the VNS rate, as evidenced by the positive
Byws on the relative HF gain (Table 2). Furthermore,
the effect of VNS rate on the relative HF gain was
totally cancelled by the interaction effect (the negative

© 2012 The Authors

Binreraction With approximately the same absolute value
as the positive Byng), indicating that the increase in
the VNS rate did not augment the relative HF gain in
the CHF group. It can be interpreted that increasing
the VNS rate enhanced the initial drop of the step
response of HR in the control rats but not in the
CHEF rats. A previous study in rabbits has shown that
a direct action of acetylcholine through muscarinic
potassium (Kacn) channels plays an essential role in
the HR control at high VNS rates compared to a cyc-
lic-AMP-mediated indirect pathway (Mizuno et al.
2007). Because Kacp channels regulate rapid HR
response, it is conceivable that the increase in the
VNS rate increased the contribution of Kaey, chan-
nels, resulting in the augmentation of dynamic gain in
the higher frequency range in the control group. The
density of Kacp channels and the sensitivity of Kacp
channels to Giy-mediated channel activation are
reduced in atrial myocytes isolated from failing
human hearts compared to donor atria (Koumi et al.
1994). The reduced Kacp channel density and sensi-
tivity may lead to the loss of the high VNS rate-
induced augmentation in the relative HF gain in the
CHF group.

Cerutti ef al. (1991) defined the HF band in rats to
be above 0.75 Hz based on the spectral analysis of

Acta Physiologica © 2012 Scandinavian Physiological Society, doi: 10.1111/apha. 12055 499
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Effects of CHF and VNS rate on the corner frequency

The corner frequency, fc, determines horizontal loca-
tion of the transduction property in the gain plot
(Fig. 4¢, top). The effect of the corner frequency on
the phase plot is rather complex due to the presence
of relative HF gain (Fig. 4c, middle). An increase in
the corner frequency accelerates the step response of
HR (Fig. 4¢c, bottom). The effect on the corner fre-
quency was significantly positive only in the interac-
tion effect (Biareracrion) suggesting that the increase in
the VNS rate increased the corner frequency in the
CHF group alone. However, if we calculate the corner
frequency based on another definition (the point at
which the dynamic gain decreases by 3 dB from the
steady-state gain), the effect of VNS rate (Byns) was
significantly positive and the interaction effect became
insignificant (Table 2). Berger et al. (1989) pointed
out that the dynamic gain of the transfer function fell
off at a lower frequency when lower mean VNS rates
were used, which is consistent with the positive effect
of the VNS rate on the --3 dB point. Further studies
are required to identify the mechanism for changes in
the corner frequency induced by the increase in the
VNS rate. Nonlinearity of the HR response may be
involved in the changes in the corner frequency,
because the coherence values were lower during
40-Hz VNS, especially in the CHF group.

Limitations
Several limitations need to be noticed. Because this
study was performed under urethane and «-chloralose
anacsthesia and surgical preparation, autonomic tone
might have been different from conscious physiological
conditions. The anaesthesia and surgical preparation
might have also affected the autonomic control of HR.
However, because we stimulated the distal end of the
sectioned vagal nerve and observed the HR response
under the same experimental settings, comparison
between the control and CHF groups may be valid.
We have examined three intensities of VNS rate.
Although comparing the VNS rate to physiologic levels
is difficult, if we assume that physiologic levels of effer-
ent vagal nerve traffic exert a 10% reduction relative to
a baseline HR (Mizuno et al. 2011), judging from
the per cent decrease in mean HR during VNS, 10-Hz
VNS may be most relevant in the physiologic sense. The
40-Hz VNS must be interpreted as an extreme case.

Conclusion

We have shown that the dynamic characteristics of
the peripheral vagal control of HR differ between the
control and CHF groups. In the CHF group, the high

© 2012 The Authors
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VNS rate-induced augmentation in the relative HF
gain was not observed. As a result, the dynamic HR
response to VNS was significantly depressed in the HF
range in the CHF group compared to the control
group. In addition to the reduced vagal outflow from
the central nervous system and attenuated parasympa-
thetic ganglionic transmission, changes in the dynamic
characteristics of the peripheral vagal control of HR
may contribute to the manifestation of decreased HF
components of HRV observed in CHF. The depression
of the HF components does not necessarily indicate
the reduced vagal outflow from the central nervous
system. The VNS is explored as a replacement treat-
ment of diminished vagal tone in CHF (Li ¢t al. 2004,
Schwartz 2011). Careful interpretation may be
required as to the depression of HF components in
CHEF if it is used to assess the vagal tone for the selec-
tion of possible target patients of the VNS therapy.
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Abstract. In short QT syndrome, inherited gain-of-function mutations in the human ether a-go-
go-related gene (hERG) K channel have been associated with development of fatal arrhythmias.
This implies that drugs that activate hERG as a side effect may likewise pose significant arrhyth-
mia risk. hERG activators have been found to have diverse mechanisms of activation, which may
reflect their distinct binding sites. Recently, the new hERG activator ICA-105574 was introduced,
which disables inactivation of the hERG channel with very high potency. We explored character-
istics of this new drug in several experimental models. Patch clamp experiments were used to
verify activation of hERG channels by ICA-105574 in human embryonic kidney cells stably-
expressing hERG channels. ICA-105574 significantly shortened QT and QTc intervals and mono-
phasic action potential duration (MAPy) in Langendorff-perfused guinea-pig hearts. We also ad-
ministered ICA-105574 to anesthetized dogs while recording ECG and drug plasma concentrations.
ICA-105574 (10 mg/kg) significantly shortened QT and QTc intervals, with a free plasma concen-
tration of approximately 1.7 #M at the point of maximal effect. Our data showed that unbound
ICA-105574 caused QT shortening in dogs at concentrations comparable to the half maximal ef-

fective concentration (ECsg, 0.42 M) of hERG activation in the patch clamp studies.

Keywords: hERG activator, QT and QTc interval, KCNH2, Ik, channel, pro-arrhythmia

Introduction

The rapid delayed rectifier K™ channel current (/i)
conducted by the human ether a-go-go-related gene
(hERG, now termed KCNH2) channel is a major con-
tributor to repolarization of the cardiac action potential
(1). Loss-of-function mutations in hERG are associated
with long QT syndrome (type LQT-2), which is a syn-
drome characterized by prolonged QT intervals on the
electrocardiogram (ECG) and a ventricular tachycardia
called torsades de pointes (TdP) (1, 2). There is an ac-
quired form of long QT syndrome typically caused by
blockade of Jx. by commonly prescribed drugs, which
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can result in serious consequences including lethal ar-
rhythmias and/or cardiac sudden death (3). In contrast,
little is known about the consequences of enhanced acti-
vation of the hERG channel, whether induced by genetic
mutations or by pharmacological intervention. A form of
inherited short QT syndrome (SQT-1) associated with a
gain-of-function mutation in the hERG channel was first
reported in 2004 (4). At the cellular and tissue level,
hERG activators have been employed to simulate SQT-1
and explore the cellular basis for its arrhythmogenesis.
Based on structure—action-relationship analysis of hERG
channels, previous hERG activators can be classified into
at least two types. The drug RPR260243 binds to residues
located near the intracellular end of the S5 and S6 trans-
membrane segments of the hERG channel and augments
Ix: currents by a dual mechanism of slowed deactivation
and attenuated P-type inactivation. Alternatively, PD-



